Summary. Rat liver microsomal A6 and A5 desaturation are defective in experimental diabetes, but this defect is correctable with insulin treatment. Rat liver fatty acid composition and A6 and A5 desaturation were studied in the spontaneously diabetic adult female Bio-Breeding (BB) rat. Control Wistar rats and BB rats (4 weeks of diabetes), that received insulin (1 IU. 100 g body weight -1-day-l), were killed 20 h after the last insulin injection. A6 and A5 desaturase activities were estimated from the incubation of liver microsomes with (1-~4C) 18:2, n-6 or (2-14C) 20: 3, n-6, respectively, and the fatty acid composition of the liver and microsomal liver lipids were investigated. Under experimental conditions A6 and A5 desaturase activities were unchanged in the BB rats when compared to the control rats. Impa!rmen~ 0fthe liver fatty acid composition of diabetic BB rats is not consistent with normal desaturase activity and may be explained by factors other than desaturation disturbance.
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It is well-known that unsaturated fatty acid biosynthesis follows an alternating sequence of desaturation and elongation reactions that take place in the microsomal fraction of the cell [1] . Control of this biosynthesis is evoked mainly by the regulation of different microsomal desaturases which introduce double bonds at A9, A6 and A5 position in the fatty acid chains [1] . Evidence obtained from microsomal rat liver preparations indicates that these enzymes are under hormonal control [2] [3] [4] .
Insulin, among other hormonal factors, has been specifically studied. In diabetes mellitus several metabolic changes take place which alter the utilization of glucose and fatty acids by the cells. The major reason for these changes is an absolute or relative deficiency of insulin, but exogenous factors such as diet also play a role [4] . A great deal of in vitro as well as in vivo evidence has been accumulated which indicates an impairment of the A9, A6 and A5 desaturases, which are responsible for the further metabolism of essential fatty acids [4] [5] [6] [7] [8] [9] [10] . Diminished microsomal fatty acid desaturation which occurs in experimental diabetes mellitus is correctable with 24 h of insulin therapy [4, 7, 8, 11] . The defect in experimental diabetes results from an effect on the terminal desaturase enzyme rather than an effect on the prior components of the microsomal electron transport system which is responsible for fatty acid desaturation [7, 11] . Insulin is an activating factor of A9, A6 and A5 desaturations [3, 4, 7, 8, 12] according to a mechanism of genetic enzyme induction through the biosynthesis of desaturases [1, 4, 12] even though these are different enzymes [1] . Studies of diabetic animals show alterations of tissue fatty acid composition, consistent with depressed desaturase activity [13] [14] [15] .
The BB rat is the only reported example of spontaneous insulin-dependent diabetes in the rat, and the only well-characterized spontaneous model in any species with destructive insulitis resembling the lesions described in human Type 1 (insulin-dependent) diabetes [16] [17] [18] [19] [20] .
The main purpose of the present experiment was to determine the possible existence of a modulation, by insulin, of liver microsomal A6 and A5 desaturase activities in female spontaneously diabetic BB rats. We have also investigated the possibility tl)at the modulation corresponds to changes in fatty acid composition of the liver, particularly of microsomes. Since the synthesis of unsaturated fatty acids occurs in the microsomal fraction, microsoma! fatty acid composition might reflect early changes in fatty acid desaturation.
Materials and methods
Ten 21-week old female rats were supplied by the Centre de S61ection et d'Elevage d'Animaux de Laboratoire (C. N. R. S., Orl6ans, France): 5 normal Wistar rats; 5 Wistar BB rats which expressed the spontaneous diabetic syndrome 4 weeks before being killed. All rats were fed U. A. R. A.04 commercial chow (Villemoisson-Sur-Orge, France) and water ad libitum. The composition of the diet was as follows: proteins: 17%; glucides: 55.5%; cellulose: 5%; mineral salts: 6%; vitamins: 1%; water: 13%. A simple analysis from one batch of the diet contained 2.5% total lipids with a fatty aciLd composition of 17.4% palmitic acid (16:0), 2.0% palmitoleic acid (16:1, n-7), 2.1% stearic acid (18:0), 18.8% oleic acid (18:1, n-9), 52.3% linoleic acid (an amount of 18:2, n-6 prevented any essential fatty acid deficiency apt to impair the 18:2, n-6-+20:4, n-6 conversion) and 5.6% cr acid (18:3, n-3).
The criterion for diabetes was a blood sugar> 16.7 mmol/1 (Glucose-oxidase Haemo-Glukotest 20-800 strips, Boehringer, Meylan, France). The diabetic rats received subcutaneously 1.0 IU protamine Ng.2. Fatty acid composition of liver phosphatidylcholines (% of total fatty adds). Mean values for normal Wistar rats (B) and for diabetic BB rats (~) + SD (r-n).* p < 0.05 zinc insulin. 100 g body weight-1, day-1 (E. Z. P., gift from Organon, Saint-Denis, France).
After about 3 h of fasting, the rats were killed by cervical dislocation 20 h after the last insulin injection. The livers were quickly removed, rinsed in 0.15 mol/1 NaC1 and weighed after blotting on filter paper. Total lipids were extracted according to the method of Delsal [21] and an aliquot weighed; phospholipids and tfiacylglycerols were separated from another aliquot according to the method of Hirsch and Ahrens [22] and then weighed.
Phosphatidylethanolamines and phosphatidylcholines were isolated by the thin-layer chromatography method of Wagner et al. [23] . A sample laid on the plate was revealed by iodine so as to visualize these lipid classes. Unexposed samples, on the same plate, were scraped according to the different lipid classes. The fatty acids of liver, total lipids, phospholipids, triacylglycerols, phosphatidylethanolamines and phosphatidylcholines were converted to methyl esters according to the method of Slover and Lanza [24] and analysed, in a Packard (Downers Grove, Ill, USA), model 419, gas liquid chromatograph equipped with a flame ionization detector. The 30 m capillary glass column was packed with Carbowax 20 tool/1. The oven, detector and injector temperatures were 198, 250 and 225~ respectively. Identification of methyl esters was made by comparing with authentic methyl ester standards and heptadecanoic acid (17:0) was used as an internal standard. Retention time and peak areas were determined electronically using a Delsi Enica 21 integrator (Suresnes, France). Only the fatty acid which was present in greater amounts than 0.1% of the total fatty acids was reported.
The solutions used for lipid extraction and thin-layer chromatography contained 2,6-di-tert-butyl-p-cresol (50 mg/l) as an antioxydant and the lipid extracts were stored under nitrogen gas in the dark at -20~ to prevent peroxidation of unsaturated fatty acids.
Three grammes of rat liver tissue from the 10 rats was cut into thin slices and homogenized at 4~ in a Potter-Elvehjem homogenizer with 18 ml of a solution containing 0.05 mol/1 phosphate buffer, pH 7.4, and 0.25 mol/1 sucrose. The homogenate was then centrifuged at 8,000 x g for 30 min, the pellet then discarded and the supernatant was centrifuged again at 105,000 x g for 60 min (L8-5~ ultracentrifuge Beckman, Palo Alto, Calif, USA) to obtain the microsomal pellet. These steps were carried out at 4~ The microsomal fraction was resuspended in 0.4 ml of homogenizing solution. All subsequent enzymatic assays and composition analysis used these microsomal membrane fractions. Proteins were determined using the Layne method [25] ; bovine serum albumin was used as the standard.
The A6 desaturation of linoleic acid and the A5 desaturation of dihomo-y-linolenic acid by liwer microsomes were measured by estimation of the percentage conversion of 14C linoleic and dihomo-y-linolenic acids, respectively, to their corresponding product, y-linolenic and arachidonic adds. The desaturation activity of the microsomes was determined in a metabolic shaker at 37~ in air, incubating the microsomal protein with the labelled substrate [1-14C linoleic and 2-14C dihomo-y-linolenic acid (The Radiochemical Centre, Amersham, Bucks, UK; specific activity: 55 mCi/mmol; radiochemical purity > 96%) diluted with unlabelled fatty acid (Sigma, St. Louis, Mo, USA) to obtain ethanol solution with a specific activity of about 5mCi/mmol (20 nmol/10 ~tl of solution) and maintaining 0.02 or 0.04 Mmol of radioactive precursor in each flask].
The medium contained 7.4 ~tmol ATP, 1 p~mol CoA, 2.5 ~tmol NADPH, 10 Ixmol MgC1 in a total volume of 2.1 ml of 0.15 mol/1 phosphate buffer pH 7.4. The coenzymes and other reagents were pure products from Sigma or Merck (Darmstadt, FRG). The reaction was initiated by the addition of 5 mg of microsomal suspension protein to the incubation medium. The incubation was carried out for 5 min. Under such conditions, the formation of the product was proportional to the time of incubation and protein concentration according to Narce et al. [26] . The desaturation reaction was terminated by the addition of 5 ml of 12% KOH in ethanol. After 1 h of saponification at 75 ~ C then methylation of fatty acids using boron trifluoride in methanol according to the method of Slover and Lanza [24] , the distribution of radioactivity between the substrate and product was determined by gas liquid radiochromatography in a Packard model 470 gas chromatograph according to the method of Bezard et al. [27] . The glass column was packed with 24% diethylene glycol suc- A control assay with the addition of microsomes, but also alcoholic KOH, was done at time 0 of the reaction and no desaturation was observed. The fatty acid methyl esters were identified by comparison with pure standards. Microsome total lipids were extracted, converted to methyl esters and analysed for their fatty acid composition as previously described for liver total lipids.
Statistical analysis
Data are reported as mean+ SD. The significance of differences in a treatment series was determined by the Student's ttest (p < 0.05). Table 1 shows the blood glucose levels, body and liver weights and liver total lipid, triacylglycerol and phospholipid weights. Blood samples at the time of killing revealed that blood glucose values of the BB rats were increased 20 h after the last insulin injection compared to the control rats. Although the body weights were similar, the liver weights were significantly increased p < 0.05 for the diabetic BB rats. Liver total lipid, triacylglycerol and phospholipid weights of diabetic BB rats were similar to the control rats. Figures 1 to 5 show the fatty acid composition (%) of liver total lipids, phosphatidylcholines, phosphatidylethanolamines, triacylglycerols and microsomal total lipids. Linoleic and oleic acid levels of diabetic BB rats increased (except 18:2,n-6 for triacylglycerols) compared to control rats, while arac])idonic and stearic acids decreased (except for phosphatidylethanolamines and triacylglycerols). A6 and A5 desaturation measurements of diabetic and control rats appear in Table 2 . We observed no significant difference between the two groups with respect to A6 and A5 desaturation for the two quantities of radioactive precursors used.
Results

Discussion
The plasma glucose levels of the diabetic BB rats indicated that they were no longer under the influence of insulin 20 h after their last injection. Diabetic BB rats cannot survive for more than 36-48 h without insulin, and treatment with daily insulin injections restores and maintains the gain in body weight. The results that we have obtained cannot be explained by species differences because the diabetic rats are the products of a selective crossing between animals with an abnormal tolerance to glucose, selected from a normal population of Wistar rats.
The fact that there was no significant difference in food intake between the BB and control rats and that the BB rats gained t]he same weight as the control rats may be explained by the daily injections of insulin. Consequently, the nutritional variable is not implicated in our experiment and we have only to consider the spontaneous diabetes factor associated with daily insulin injection.
We observed an increase in liver weight in relation to body weight in the diabetic BB rats, which has not been reported in other studies of chemical diabetes [4] [5] [6] , although there was no increase in lipids. The explanation for the origin of such metabolic transformation may be sought elsewhere, perhaps in the protein and/or water content, due to the high carbohydrate/ low fat diet which induces liver hypertrophy. We observed a rise in plasma triglycerides in the BB rats, compared to the control rats, which was lowered by insulin treatment (unpublished results).
The liver phospholipid content of the female insulin-treated BB rats is similar to that of the control rats and may be explained by the daily insulin treatment, streptozotocin diabetic rats having an increase in liver phospholipids [8, 28, 29] and in liver microsomal phos- phatidylethanolamine content which accounts for a slight increase in total microsomal phospholipids [14] .
The in vitro activity of A6 and A5 desaturase in the female diabetic BB rats was similar to the control rats during the hyperglycaemic period which followed the daily injection of insulin. The daily treatment with insulin, which maintained the influence of the hormone, may explain the fact that A6 and A5 desaturase activity of diabetic BB rats was no different from control rats. The activities of these microsomal enzymes are partially inhibited by chemical diabetes; insulin abruptly reverses and even overcorrects them [4-8, 12, 30, 31] . Therefore, we hypothesise that A6 and A5 desaturase activity could be depressed during the short hyperglycaemic period which precedes the insulin injection to the diabetic BB rats.
The experimental conditions for insulin injections were sufficient to normalize A6 and A5 desaturase activity. We observed that A6 and A5 desaturations required similar amounts of insulin and time of treatment as for experimental diabetes [4] . This phenomenon may have an effect on protein synthesis [7] . Insulin has been shown to stimulate fatty acid desaturation, probably via an increase in enzyme synthesis. On the other hand, a decrease in the level of desaturation through glycolysis has also been reported [2, 4] . It is interesting to note that Oshino and Sato [32] reported a peak of desaturase activity 17 h after refeeding starved rats, which is the time required for restoration after insulin was given to diabetic rats and consistent with the appearance of a protein synthetic effect [7] . Appel et al. [33] demonstrated marked variations in the activities of a number of hepatic glycolytic enzymes in diabetic BB rats. Warren et al. [34] examined the effect of diabetes on the activities of several hepatic microsomal enzymes and found differential alterations which could be corrected by insulin treatment.
Furthermore, the activation of acyl-CoA desaturases by soluble proteins has been reported previously [35, 36] . We cannot exclude an opposing effect of diabetes and insulin on such protein factors. This phenomenon might partially explain why we observed no change in fatty acid A6 and A5 desaturase activities.
The level of linoleic acid was increased in the liver phospholipids of the insulin-treated BB rats, as during experimental diabetes [15] , but a low level of arachidonic acid was seen. The observed changes could be related to a changed pattern of fatty acid incorporation or to a change in the composition of the fatty acid pool. The decrease in stearic and increase in oleic acid are probably due to insulin activation of A9 stearic acid desaturase, an important factor able to change the pool of fatty acids available for incorporation in phospholipids.
The fatty acid composition of the diabetic BB rat liver triacylglycerol fraction may be explained by the normal food intake associated width the daily insulin treatment. Some differences, previously shown during experimental diabetes [28, 37] , may be related to lipolysis or perturbations of the intestinal absorption of these fatty acids.
Unchanged A6 and A5 desaturase activity and the suggestion of increased A9 desaturase activity led us to suppose that the corresponding microsomal fatty acid composition was changed in a similar way. Daily insulin treatment of diabetic BB rats was insufficient to maintain normal microsomal lipid fatty acid composition. While most of the fatty acid levels were similar to that of the control rats, oleic and linoleic acids increased when stearic and arachidonic acids were significantly decreased in the insulin-treated BB rats. The amounts of fatty acid seemed to indicate an inhibition of A6 and A5 desaturations inconsistent with the measured desaturase activities. This phenomenon could reflect an increased utilization of arachidonic acid not compensated for by increased synthesis. The decreased ratio of arachidonic to linoleic acid suggested a decreased synthesis of arachidonic acid.
The stearic and oleic acid composition of liver microsomal total lipids strengthens our hypothesis of a stimulated A9 desaturase activity. A6 and A5 desaturase activity could be less depressed in spontaneous diabetes and less responsive to insulin than is A9 desaturase activity, as previously observed in streptozotocin-induced diabetes [7] .
Spontaneous diabetes, even insulin-treated, results in fatty acid alterations in the lipid composition of microsomes. In addition to alterations following changes in desaturation other factors such as fatty acid elongation, membrane lipid degradation and synthesis, and fatty acid oxidation may all be important. Further work is necessary to delineate the cause and physiological consequences of the abnormal microsomal phospholipid composition, more or less restored by insulin therapy, in the spontaneously diabetic rat.
